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Severe  malaria  is characterised  by cerebral  oedema,  acute  lung  injury  (ALI)  and  multiple  organ  dysfunc-
tions,  however,  the  mechanisms  of  lung  and  distal  organ  damage  need  to be better  clariﬁed.  Ninety-six
C57BL/6  mice  were  injected  intraperitoneally  with  5 × 106 Plasmodium  berghei  ANKA-infected  erythro-
cytes  or  saline.  At  day  1, Plasmodium  berghei  infected  mice  presented  greater  number  of  areas  with
alveolar  collapse,  neutrophil  inﬁltration  and interstitial  oedema  associated  with  lung  mechanics  impair-istology
ment,  which  was  more  severe  at  day  1  than  day  5.  Lung  tumour  necrosis  factor-  and  chemokine  (C-X-C
motif)  ligand  1 levels  were  higher  at day  5 compared  to  day  1. Lung  damage  occurred  in  parallel  with
distal  organ  injury  at day  1; nevertheless,  lung  inﬂammation  and the presence  of  malarial  pigment  in
distal organs  were  more  evident  at day  5.  In  conclusion,  ALI  develops  prior  to the  onset of cerebral  malaria
symptoms.  Later  during  the  course  of infection,  the  established  systemic  inﬂammatory  response  increases
distal  organ  damage.
© 2012 Elsevier B.V. Open access under the Elsevier OA license.. Introduction
Malaria remains a major global health problem, causing approx-
mately 2 million deaths every year, particularly in tropical areas
Mohan et al., 2008). Several pathological events, such as para-
itised erythrocytes, leucocyte adhesion to organ microvasculature,
ystemic production of cytokines, and cytotoxic lymphocyte acti-
ation, induce a condition of systemic activation, which leads
o severe malaria. Severe malaria is characterised by increased
ntracranial pressure, acute lung injury (ALI)/acute respiratory dis-
ress syndrome (ARDS), and multiple organ dysfunction (Abdul
anan et al., 2006; Mohan et al., 2008; de Souza et al., 2010).
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Open access under the Elsevier OA license.Notably, ALI/ARDS is observed in 5% of patients with uncompli-
cated malaria and 20–30% of patients with severe malaria (Mohan
et al., 2008). Post-mortem examination of fatal malaria patients
revealed lung oedema, congested pulmonary capillaries, thickened
alveolar septa, intraalveolar haemorrhages, and hyaline membrane
formation, which are characteristic of diffuse alveolar damage in
ALI/ARDS (James, 1985).
The pathogenic mechanisms that lead to ALI/ARDS during severe
malaria are poorly understood, as most studies of lung injury have
been performed in patients who  were concurrently under treat-
ment (Maguire et al., 2005). The importance of ARDS during severe
malaria highlights the need for studies describing the pathophysi-
ology of this syndrome during malarial infection.
Several features of lung injury during experimental severe
malaria have previously been described, such as increased expres-
sion of circulating vascular endothelial growth factor (VEGF)
(Epiphanio et al., 2010), leucocyte accumulation (Van den Steen
et al., 2010), and diminished expression of epithelial sodium chan-
nels (Hee et al., 2011) in lung tissue.
However, the mechanisms of lung inﬂammation and its associa-
tion with distal organ damage during experimental severe malaria
require further clariﬁcation. This study sought to analyse the impact
of severe malaria on lung and distal organ damage in the early and
late phases of the disease.
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. Methods
This study was approved by the Research Ethics Committee of
he Federal University of Rio de Janeiro Health Sciences Centre
CEUA-CCS-019) and the Committee on Ethical Use of Labora-
ory Animals of the Oswaldo Cruz Foundation (L-0004/08). All
nimals received humane care in compliance with the – Prin-
iples of Laboratory Animal Care formulated by the National
ociety for Medical Research and the Guide for the Care and Use
f Laboratory Animals prepared by the U.S. National Academy of
ciences.
.1. Animal preparation and experimental protocols
Ninety-six C57BL/6 mice (weighing 18–20 g) were provided by
he Oswaldo Cruz Foundation breeding unit (Rio de Janeiro, Brazil)
nd kept in cages in a room at the Farmanguinhos experimen-
al facility, with free access to food and fresh water, temperature
anging from 22 to 24 ◦C, and a standard 12 h light/dark cycle,
ntil experimental use. All animals were randomly assigned to
wo groups:control (SAL) or Plasmodium berghei ANKA infec-
ion (P. berghei). Both groups were analysed at days 1 and
 post-inoculation. Mice were infected by intraperitoneal (i.p.)
njection of P. berghei-infected erythrocytes withdrawn from a
reviously infected mouse (5 × 106 infected erythrocytes diluted
n 200 l of sterile saline solution). Control mice received saline
lone (200 l, i.p.). After infection, a thick blood smear was
erformed for determination of parasitemia by Panotico Rápido
Laborclin, Paraná, Brazil) staining. Symptoms of cerebral malaria
ere evaluated by SHIRPA protocol modiﬁed by Martins et al.
2010).
.2. Mechanical parameters
One or ﬁve days following saline or P. berghei administration,
ice were sedated (diazepam, 1 mg  i.p.), anaesthetised (sodium
hiopental, 20 mg/kg i.p.), tracheotomised, paralysed (vecuronium
romide, 0.005 mg  kg−1 i.v.), and mechanically ventilated with a
onstant ﬂow ventilator (Samay VR15; Universidad de la Republica,
ontevideo, Uruguay) using the following settings: respiratory
ate = 100 breaths/min, tidal volume (VT) = 0.2 ml, and fraction of
nspired oxygen (FiO2) = 0.21. The anterior chest wall was surgically
emoved, and a positive end-expiratory pressure (PEEP) of 2 cmH2O
as applied. After a 10-min ventilation period, lung mechanics
ere computed. Airﬂow and tracheal pressure (Ptr) were mea-
ured (Burburan et al., 2007). In an open chest preparation, Ptr
eﬂects transpulmonary pressure (PL). Lung resistive (P1) and
iscoelastic/inhomogeneous (P2) pressures, as well as static elas-
ance (Est), were computed by the end-inﬂation occlusion method
Bates et al., 1988). Lung mechanics measurements were performed
0 times in each animal. All data were analysed using the ANA-
AT data analysis software (RHT-InfoData, Inc., Montreal, Quebec,
anada).
.3. Lung histology
Laparotomy was performed immediately after determination
f lung mechanics, and heparin (1000 IU) was injected into the
ena cava. The trachea was clamped at end-expiration (PEEP = 2
mH2O), and the abdominal aorta and vena cava were sectioned,
roducing massive haemorrhage and rapid death. The right lung
as then removed, ﬁxed in 4% buffered formaldehyde and embed-
ed in parafﬁn. Slices (thickness = 4 m)  were cut and stained
ith haematoxylin and eosin. Lung morphometric analysis was
erformed using an integrating eyepiece with a coherent sys-
em consisting of a grid with 100 points and 50 lines (known & Neurobiology 186 (2013) 65– 72
length) coupled to a conventional light microscope (Olympus BX51,
Olympus Latin America, Inc., Brazil). The volume fractions of the
lung occupied by collapsed alveoli and normal pulmonary areas
were determined by the point-counting technique (Weibel, 1990)
at a magniﬁcation of 200× across 10 random, non-coincident
microscopic ﬁelds. Neutrophils and mononuclear (MN) cells and
lung tissue were evaluated at 1000× magniﬁcation. Points falling
on neutrophils and MN cells were counted and divided by the
total number of points falling on lung tissue in each ﬁeld of
view. For quantiﬁcation of interstitial oedema, 10 arteries were
transversely sectioned. The number of points falling on areas
of perivascular oedema and the number of intercepts between
the lines of the integrating eyepiece and the basement mem-
brane of the vessels were counted at a magniﬁcation of 400×.
The interstitial perivascular oedema index was  calculated as fol-
lows: number of points/number of intercepts (Hizume et al.,
2007).
2.4. Lung wet/dry (W/D) weight ratio
At days 1 and 5, the W/D  ratio was determined in a separate
group of mice (n = 6/group), which was  subjected to an identical
protocol to the one described above. These mice were euthanized in
a CO2 chamber, after which the lungs were removed, weighed (wet
weight) and kept at 80 ◦C overnight for dry weight determination.
The wet/dry weight ratio was then calculated.
2.5. Distal organ histology
Brain, heart, liver and kidney were removed, ﬁxed in 4% buffered
formaldehyde, and parafﬁn-embedded. Slices were cut and stained
with haematoxylin and eosin. Sections from the regions exhibit-
ing pathologic ﬁndings were examined under 400× magniﬁcation.
A ﬁve-point, semiquantitative, severity-based scoring system was
used to assess the degree of injury as follows: 0 = normal tissue;
1 = 1–25%; 2 = 26–50%; 3 = 51–75%; and 4 = 76–100% damage out of
total tissue examined (Chao et al., 2010).
2.6. Determination of cytokine production by ELISA
Interferon (IFN)-,  tumour necrosis factor (TNF)- and
chemokine (C-X-C motif) ligand 1 (CXCL1) levels were quanti-
ﬁed. Brieﬂy, the lungs, kidney, liver, brain and heart of control
and P. berghei-infected mice were excised and homogenised in
cell lysis buffer (20 mM TRIS, 150 mM NaCl, 5 mM KCl, 1% Triton
X-100, protease inhibitor cocktail (1:1000, Sigma–Aldrich, USA),
and immediately frozen at −80 ◦C. The total protein content of
each tissue homogenate was  evaluated by the Bradford method,
followed by determination of cytokine production by a standard
sandwich ELISA, performed according to manufacturer’s instruc-
tions (BD Pharmingen, USA). Plates were read at 490 nm in an M5
Spectrophotometer (Molecular Devices, USA).
2.7. Evaluation of blood–brain barrier disruption
Blood–brain barrier (BBB) disruption was evaluated as previ-
ously described (Pamplona et al., 2007). Brieﬂy, mice received an
intravenous (i.v.) injection of 1% Evans blue (Sigma–Aldrich, São
Paulo, Brazil). One hour later, mice were euthanized, and their
brains were weighed and placed in formamide (2 ml,  37 ◦C, 48 h) to
extract the Evans blue dye from the brain tissue. Absorbance was
measured at 620 nm (Spectramax 190, Molecular Devices, CA, USA).
The concentration of Evans blue was  calculated using a standard
curve. The data are expressed as mg  of Evans blue per g of brain
tissue.
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Fig. 1. Parasitemia and survival of Plasmodium berghei-infected mice. Mice were infected with 5 × 106 pRBC or mock-infected with saline. (A) Survival of mice infected
with  P. berghei. DPI: days post-infection. (B) Parasitemia was analysed using one blood smear from each mouse; percentage of parasitemia was obtained by counting the
number  of pRBCs out of 1000 total erythrocytes. (C) Wet/dry lung weight ratio in uninfected (open bars) and infected (closed bars) mice at day 1 and day 5 post-infection.
(D)  Blood–brain barrier (BBB) disruption in uninfected (open bars) and infected (closed bars) mice at day 1 and day 5 post-infection was assessed by Evans blue staining.
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Signiﬁcantly different from control group (p < 0.05). +Signiﬁcantly different from P
.8. Statistical analysis
Normality of data was tested using the Kolmogorov–Smirnov
est with Lilliefors’ correction, while the Levene median test was
sed to evaluate the homogeneity of variances. If both conditions
ere satisﬁed, two-way ANOVA followed by Tukey’s test when
equired was used to compare differences among the groups. Non-
arametric data were analysed using ANOVA on ranks followed
y Tukey’s test. Parametric data were expressed as means ± SEM,
hile non-parametric data were expressed as medians (interquar-
ile range). All tests were performed using the SigmaPlot 11
oftware package (SYSTAT, Chicago, IL, USA), and statistical signif-
cance was established as p < 0.05.
. Results
.1. P. berghei infection induces cerebral oedema concomitant
ith lung oedema
Mice inoculated with 5 ×106 P. berghei-infected erythro-
ytes demonstrated greater mortality (Fig. 1A) beginning 6 dayss are expressed as means ± SEM of six animals per group out of three experiments.
ei at day 1 (p < 0.05).
post-infection, compared to SAL mice. Parasitemia levels were low
at days 1 and 3 post-infection (3.3% and 4.3%, respectively), and
no changes in lung weight or quantity of Evans blue dye recov-
ered from brain tissue were observed, suggesting the integrity of
the blood–brain barrier. Symptoms of cerebral malaria evaluated
through modiﬁed SHIRPA protocol, such as: paralysis, piloerection,
and locomotor activity were only observed up to 5 days post-
infection (data not shown). Furthermore, at day 5, an increase in
parasitemia (19%) as well as in Evans blue accumulation in brain
tissue and W/D  lung ratio during P. berghei infection was observed
(Fig. 1C–D).
3.2. Morphometrical parameters and cellularity in the lung
parenchyma of P. berghei-infected mice
P. berghei-infected mice demonstrated a greater number of
areas with alveolar collapse (Fig. 2A and D), neutrophil inﬁl-
tration (Fig. 2B and E) and interstitial oedema at days 1 and
5 compared to SAL mice (Fig. 2C and F). However, the value
of each of these parameters for infected mice was higher at
day 5 compared to day 1. Neutrophil inﬁltration was  also
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Fig. 2. Photomicrographs of lung parenchyma stained with haematoxylin and eosin 1 or 5 days after experimental P. berghei infection ((A)–(C) original magniﬁcations: 200×,
1000×  and 400×, respectively). Mice were inoculated with 5 × 106 infected erythrocytes or saline, and the lungs were excised at different time points. In (D), closed bars
represent the fraction of area of collapsed alveoli, and open bars are the fraction of area of normal alveoli. In (E), closed bars represent the fraction area of polymorphonuclear
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asterisks) are visible. All values were computed in 10 random, noncoincident ﬁelds 
ifferent from control group (p < 0.05). +Signiﬁcantly different from P. berghei at day
bserved when lung tissue was submitted to a Percoll gradi-
nt (neutrophil count in lung tissue SAL vs P. berghei-infected,
t day 1: 0.49 ± 0.11 ×106/lung tissue vs 0.73 ± 0.05 × 106/lung
issue, p < 0.05 and at day 5: 0.30 ± 0.07 × 106/lung tissue vs
.67 ± 0.06 × 106/lung tissue, p < 0.05). At day 1, there were more
reas with interstitial oedema than observed at day 5 (Fig. 1C).
.3. Cytokine production in lung tissue
Since a heightened inﬂammatory response was observed in the
ung tissue 1 day post-infection, cytokine production was  also eval-
ated at this time point. IFN- production in the lung tissues of
nfected mice was lower at day 1 and higher than SAL mice at day 5
Fig. 3A). TNF- production was greater by day 5, but not by day 1,
n these mice (Fig. 3B). Conversely, CXCL1 production was  greater
n both days 1 and 5 post-infection, greater at day 5 compared to
ay 1 (Fig. 3C). Levels of these cytokines were also measured in dis-
al organs, but no signiﬁcant differences were observed between P.
erghei-infected mice and controls at days 1 and 5 (data not shown).s the interstitial perivascular oedema index. Alveolar collapse (arrow) and oedema
 per specimen. Values are means ± SEM of six animals in each group. *Signiﬁcantly
 0.05).
3.4. Evaluation of lung mechanics during P. berghei infection
At day 1, static lung elastance (Est,L) (Fig. 4A), resistive pres-
sure (P1,L) (Fig. 4B), and viscoelastic/inhomogeneous (P2,L)
pressure (Fig. 4C) were signiﬁcantly greater in P. berghei-infected
mice (+36%, 75% and 33%, respectively) compared to SAL mice, and
these parameters remained elevated until day 5. These mechani-
cal parameters were lower at day 5 post-infection than at day 1 in
infected mice (Est, 27%; P1, 60%; P2, 20%).
3.5. Pathological features of distal organs during P. berghei
infection
To evaluate the occurrence of pathological events in distal
organs during P. berghei infection, photomicrographs of brain,
heart, liver and kidney specimens from mice in the control and
severe malaria groups were obtained at days 1 and 5 (Fig. 5). The
brains of P. berghei-injected mice exhibited cortical oedema, glial
cell swelling, and congested capillaries, with erythrocytes adhered
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Fig. 3. Cytokine production in lung tissue during P. berghei infection. (A) IFN-,
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Fig. 4. (A) Static lung elastance (Est,L), (B) resistive pressure (P1,L) and (C) vis-
coelastic/inhomogeneous pressure (P2,L) at days 1 and 5 following experimental
P.  berghei infection. Values are the mean ± SEM of six animals in each group (10–15B) TNF- and (C) CXCL1 were evaluated by ELISA. Results are expressed as the
ean ± SEM of six animals per group. *Signiﬁcantly different from control group
p  < 0.05).
o the endothelium, causing occlusion, at days 1 and 5. However, an
ncrease in the number of microglial cells was only observed 5 days
ost-infection (Fig. 5, Table 1). The hearts of P. berghei-infected mice
emonstrated interstitial oedema of the myocardium, which was
ore marked at day 5 than day 1. Furthermore, parasitised erythro-
ytes were only observed 5 days post-infection (Fig. 5, Table 1). In
he liver, swollen hepatocytes and a greater number of Kupffer cells
ontaining malarial pigment grains were observed at days 1 and 5,
hich were concentrated in centrilobular or portal areas (Fig. 5,
able 1). Kidney damage, characterised by tubular necrosis, inter-
titial oedema, and inﬂammatory cell inﬁltration, was more severe
t day 5 compared to day 1 (Fig. 5, Table 1).
. Discussion
In the model used in this study, which has frequently been
mployed for the induction of experimental cerebral malaria,
echanical and histological lung impairment associated with neu-rophil inﬁltration were observed 1 day following inoculation with
lasmodium berghei.  Lung damage was accompanied by histological
hanges in distal organ tissues, namely the brain (which exhib-
ted glial cell swelling, capillary congestion, increased numberdeterminations per animal). *Signiﬁcantly different from control group (p < 0.05).
+Signiﬁcantly different from P. berghei at day 1 (p < 0.05).
of microglial cells), the heart (interstitial oedema, capillary con-
gestion, and increased number of mononuclear cells), the liver
(Kupffer cell injury), and the kidneys (tubular necrosis and intersti-
tial oedema). These changes in lung mechanics and histology had
reduced by day 5. However, there was progressive heart and kidney
damage associated with an increase in pro-inﬂammatory cytokines.
Moreover, mice inoculated with P. berghei-infected erythrocytes
demonstrated greater mortality beginning 6 days post-infection,
in accordance with previous studies (Clemmer et al., 2011; Martins
et al., 2012; Souza et al., 2012).
Epidemiological studies suggest that 5% of patients with uncom-
plicated malaria and 20–30% of patients with severe malaria
develop ALI (Mohan et al., 2008); nevertheless, the development of
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Fig. 5. Photomicrographs of brain, heart, liver and kidney from control (SAL) mice and mice with P. berghei-induced severe malaria. At days 1 and 5 post-inoculation, animals
in  the P. berghei group demonstrated cortical oedema (Co), glial cell swelling (Gl), and congested capillaries, with red blood cells adhering to the endothelium and causing
occlusion (arrows). Abundant microglial cells are visible (*). In the hearts of P. berghei-infected mice, oedema (*) and inﬁltration of the myocardial interstitial space (My)
with  lymphocytes and monocytes (arrowheads) are apparent. Parasitised erythrocytes are visible in the capillaries (arrows). Liver slices show swollen hepatocytes (He) and
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Tu),  interstitial oedema (*) and inﬁltration with lymphocytes and monocytes (arro
LI during malaria is poorly understood. Indeed, histopathological
bservation of human organs is limited to post-mortem analysis of
atal cases of severe malaria, and the sequence of events leading to
he onset of cerebral malaria has not been described. Neuropatho-
ogical syndromes have previously been described in susceptible
trains of inbred mice infected with P. berghei (Rest, 1982; Curfs
t al., 1993), but lung injury during experimental severe malaria
as only been suggested and was only thought to occur during the
ate stages of P. berghei infection (Epiphanio et al., 2010; Van den
teen et al., 2010; Hee et al., 2011). Thus, we examined the devel-
pment of ALI at early and late time points after P. berghei infection
ocusing on the following parameters: lung histology, inﬂamma-
ory response, changes in the alveolar capillary barrier (oedema),
hysiological dysfunctions as well as the correlation of ALI with
ytokine production and distal organ damage.
Lung histological analysis showed an increase in areas of alve-
lar collapse, neutrophil inﬁltration and interstitial oedema early
uring the course of lung damage (day 1), while these morpholo-
ies were less prominent by day 5 (22%, 4% and 28% less alveolar
ollapse, neutrophil inﬁltration and interstitial oedema, respec-
ively, compared with day 1). The histological ﬁndings of this (Cl) and portal (Po) distribution. Kidney slices show coagulative tubular necrosis
s). Haematoxylin & eosin stain, 400× magniﬁcation.
experimental study were consistent with the lung pathology
observed in biopsy specimens from fatal cases of severe malaria,
which exhibit interstitial oedema and inﬂammatory cells in the
lung tissue (Duarte et al., 1985; Corbett et al., 1989). Even though
interstitial oedema was  observed at day 1, it was  not enough to
result in W/D  ratio modiﬁcations. However, with the time course
of lung injury, at day 5, W/D  ratio increased probably due to the
presence of consolidation resulting in an increase of lung weight. In
the current study, IFN-, TNF-, and CXCL1 production were mea-
sured in the lung tissue, since they are the main cytokines described
in the pathogenesis of malaria (Angulo and Fresno, 2002). At day
one, neutrophil inﬁltration may  be associated with increased lev-
els of CXCL1 as IFN- and TNF- production was greater only by
day 5. Since the alterations in lung histology were more exuberant
than the changes in the current measured mediators, we cannot
rule out the role of other cytokines, mechanisms such as oxida-
tive stress (Sharma et al., 2012), or whether lung inﬂammation
observed is triggered by changes in lung microcirculation. Indeed,
in the lung microcirculation, low macrophage density and reduced
blood velocity predispose infected erythrocytes to rosette forma-
tion and to cytoadherence to the endothelial lung microvasculature
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Table 1
Semi-quantitative analysis of brain, heart, liver and kidney microscopy.
Histological parameters SAL P. berghei P. berghei
D1 D5
Brain
Glial cell swelling
0 3* 3*
(0–0) (2–4) (2–3)
Capillary congestion
0 4* 4*
(0–0) (4–4) (3–4)
Increased number of
microglial cells
0 3* 1*,+
(0–0) (3–3) (1–1.25)
Heart
Interstitial oedema
0 3* 4*,+
(0–0.25) (2–3) (3–4)
Capillary congestion
0 3* 4*
(0–0) (2–4) (4–4)
Increased number of
mononuclear cells
0 3* 2*
(0–1) (2–3) (2–3.25)
Liver
Kupffer cells
1 3* 4*
(0.75–1.25) (2–3.25) (3.75–4)
Kidney
Tubular necrosis
0 2* 4*,+
(0–0) (1.75–2.25) (3–4)
Interstitial oedema
0 2* 3*
(0–0.25) (2–3) (2.75–3.0)
Increased number of
mononuclear cells
1 1* 2*,+
(0–1) (1–2) (2–2.25)
Values are expressed as the median (interquartile range) of 5 animals in each group.
A  5-point semiquantitative severity-based scoring system was  used. Pathological
ﬁndings were graded as: 0 = normal; 1 = 1–25%; 2 = 26–50%; 3 = 51–75%; 4 = 76–100%
of  examined tissue and analysed in blinded fashion by two pathologists. SAL: con-
trol. Severe malaria was induced by P. berghei. Since no signiﬁcant differences were
observed between days 1 and 5 in the SAL group, only one group is presented.
* Signiﬁcantly different from SAL (p < 0.05).
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Angulo, I., Fresno, M.,  2002. Cytokines in the pathogenesis of and protection against+ Signiﬁcantly different from P. berghei at day 1 (p < 0.05).
ather than to larger blood vessels, which leads to local endothelial
ctivation in the lungs of P. berghei-infected mice (Baer et al., 2007).
Lung mechanics were measured by the end-inﬂation occlusion
ethod, which allows for the identiﬁcation of elastic, resistive,
nd viscoelastic/inhomogeneous components. It is well known
hat ALI increases elastic, resistive and viscoelastic/inhomogeneous
ressures in the lungs during the early stages of acute lung injury
Rocco et al., 2004). Indeed, we observed an increase in lung static
lastance and resistive and viscoelastic/inhomogeneous pressures
t days 1 and 5 in infected mice compared to SAL mice. These
echanical changes are consistent with the alveolar collapse and
eutrophil inﬁltration observed at the same time points. It is inter-
sting to note that in the cecal ligation and puncture (CLP) model of
epsis, which is widely compared to malarial infection (due to the
evelopment of systemic inﬂammation) (Garcia et al., 1995; Clark
nd Schoﬁeld, 2000; Clark and Cowden, 2003; Mackintosh et al.,
004), ALI parameters such as neutrophil inﬁltration, respiratory
echanics, and cytokine production were observed very soon after
he CLP procedure (Ornellas et al., 2011), whereas during malarial
nfection, cytokine-associated ALI was observed late in the course
f the disease, suggesting the existence of a unique feature of P.
erghei-induced lung injury early during infection.
Recently, Del Sorbo and Slutsky (2011) reviewed the Tremblay’s
ypothesis (Tremblay et al., 1997) that the inﬂammatory cascade
nitiated during ALI spreads to distal organs through the blood-
tream, triggering the development of multiple organ dysfunction
MOD) and conversely development of MOD  can also trigger ALI.
OD is known to account for the majority of fatal cases of ARDS.n fact, the severity of malaria has been associated with cumulative
ultiorgan dysfunction (Helbok et al., 2005). In the present study,
arly (day 1) oedema and inﬂammatory inﬁltration in distal organs & Neurobiology 186 (2013) 65– 72 71
occurred in parallel with ALI, but the severity of MOD  was more
evident 5 days after infection.
In fact, the greater lung perfusion would lead to higher expo-
sure to the parasite, which results in ALI before MOD. Our data are
in accordance with this hypothesis since we observed the presence
of erythrocytes infected with GFP-expressing P. berghei in lung tis-
sue at day 1 (data not shown). These data are consistent with those
reported by Franke-Fayard et al. (2005) who observed sequestra-
tion of parasitised red blood cells in the lungs, but not in distal
organs, 1 day after infection, due to the adherence of the pRBCs to
CD36+ lung endothelial cells. Likewise, it has also been shown that
late malaria-associated lung injury correlates with parasite burden
(Lovegrove et al., 2008) which could trigger the local inﬂammatory
response and subsequent ALI. Furthermore, a crosstalk between
the lungs and distal organs during malaria may  be clinically rel-
evant, particularly when MOD  is increased by ventilator induced
lung injury. The parameters described above cannot be translated
properly to animal models, since animal models do not display the
precise clinical characteristics of human malaria. Whereas there
is often little cytopathological evidence of inﬂammation in fatal
human severe malaria, this is the hallmark of the murine model
(White et al., 2010). On the other hand, P. berghei ANKA-infected
mice are a useful model to study aspects of malaria pathogene-
sis development, as disease time course and live images of cellular
interactions (Cabrales et al., 2011).
This study has some limitations that should be addressed: (1)
other measuring methods of lung oedema ought to be employed in
future studies to better explain the dissociation between lung his-
tology and W/D  ratio, (2) a speciﬁc murine model of severe malaria
was used (de Souza et al., 2010) and thus our results may  not be
extrapolated to other models of malaria; and (3) we did not mea-
sure plasma cytokines at earlier time points to better clarify the
dynamics of these pro-inﬂammatory mediators.
Undoubtedly, other research approaches – in combination with
human studies – will be required to fully understand the patho-
genesis of pulmonary malaria and its association with MOD.
Collectively, the results of this study suggest that during severe
malaria, ALI develops prior to the onset of cerebral malaria symp-
toms. Later during the course of infection, however, the established
systemic inﬂammatory response increases distal organ damage.
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